Since some years a relatively large number of theoretical and experimental works was consacreted to the atomic structure of small particles formed in the first stages of solid phases growth [I-71 and [8-161 . It is found that these small clusters within a size range from some atoms to some thousand atoms, are often characterized by fivefold symmetry axes. Then, particles which grow have often bipyramid pentagonal or icosahedral structures. It is obvious that on the one hand in most cases where such particles were observed, the growth is not except perhaps in the first stages a thermodynamic equilibrium phenomena. On the other hand, when such structures growth is possible, they are favoured with respect to normal ones. In this paper, we show that the growth of gold particles which exhibit fivefold symmetry axes and pentagonal or icosahedral shapes is in some experimental conditions favoured with respect to growth of c.f.c. structure and usual shapes.
1. Layer by layer growth mechanism. -We shall suppose that, in a first stage, we have the same number of icosahedral and normal particles. Icosahedral particles are limited by triangular faces in which the stacking of atoms is nearly the same, that in (111) face of c.f.c. structure. Normal c.f.c. particles are limited by (11 I), (110) or (100) dense faces. We suppose that the two kinds of particles (*) Associe au C.N.R.S. ERA no 545. have no dislocation which should lead to spiral growth mechanism. Then the growth occurs layer by layer from a two-dimensional nucleus which appears on a face of the particle and grows atom by atom.
So we distinct two stages in the formation of a layer on a face : first the two-dimensional stable nucleus formation which occurs during T N (nucleation time) and secondly the formation of the layer by lateral extension of the two-dimensional nucleus (atom by atom process). This second stage occuring during T , (growth time) we shall suppose that the stable nucleus is formed by a pair of adsorbed atoms on the face of the particle so an atom from the vapour phase will incorporate with this nucleus if, at least, it is bound to five nearest neighbours. We have shown elsewhere [17] that if the growth proceeds by a two-dimensional mechanism, the formation of a stable nucleus on a face of ,icosahedral particle leads to the formation of a complete shell on all the free faces of the particle whereas in the case of c.f.c. particle, limited by (111) (110) (100) dense faces, the formation of a stable nucleus leads to the growth of a layer only on the face which contains the nucleus. contains the center of the icosahedron and lies parallel to an edge of the icosahedron [16] . We compare the growth kinetics of these icosahedral particles to the growth kinetics of c.f.c. : particles, which have a squared base pyramidal shape with a (001) plane parallel to the substrate plane and limited by four (111) faces. Initially the two kinds of particles have approximately the same size.
. 1 FORMATION AND GROWTH OF A TWO-DIMENSIONAL NUCLEUS ON A FACE OF A PARTICLE.
-If a crystal face is exposed to an atomic flux F from the vapour phase, the concentration of adsorbed atoms on this face if we assume an equilibrium between the impingent flux and the desorbed flux is nl = FT (T: residence time of an atom on the surface of the substrate). During heterogeneous nucleation at high supersaturation we suppose the critical nucleus composed of a single atom the stable nucleus is defined as containing one atom more than the critical nucleus so that the nucleation rate is calculated as the rate of formation of the stable nuclei that is the rate of formation of a pair of atoms.
According to Walton [I81 the capture of an single atom by a critical nucleus gives stable nucleus which can grow spontaneously. We can write the frequency T' with which an adsorbed atom can i : number of atoms contained in the critical nucleus,
: average quadratic distance of superficial diffusion. As the critical nucleus contains only one atom (i = 1) nucleation rate on a particle face is :
So the nucleation time on a face with a surface area S is :
When the stable nucleus is formed, the capture rate of atoms by a nucleus is proportional to r a n d the growth time for the formation of a complete layer on the face by an atom by atom process is :
With experimental conditions defined by F = lOI4 at/cm2/s, T = 2.3 x s, % = 3 x 10-]I cm2 and T = 300°C and if S = lo3 A2, then TN = 4 x 10-I S, Tc = 1.7 x lod2 s. So Tc e TN means we have two distinct and successive stages for a layer growth. We shall consider only this simple case where no renucleation exists before the growing of the layer is complete. This is performed for cap-shaped particles with a radius lower than 80 A.
. GROWTH KINETICS OF AN ICOSAHEDRAL PAR-
TICLE. -We shall consider an icosahedral particle with P free faces of surface S. We know that one two-dimensional nucleus is sufficient to generate a complete layer on the P faces. The time required for the formation of a complete shell is :
We can consider the particle as half a sphere with radius R. If the thickness of a complete layer on every free face of the particle is a the growth rate at the time t can be expressed by : -dR ---a with: We obtain by integration where Ro is the radius of the initial icosahedral particle. This equation gives the growth kinetics of icosahedral particle. So we have plotted figure 1 (full line curves) the size of the particle (Number N of atoms in the particle of radius R) versus time t for two different values of the impinging flux ( F = l O I 4 and 2 x lOI4 atoms/cm2/s) and a substrate temperature of 300 "C. Initial time t = 0 is the time from which we consider the growth of the particle with a radius Ro = 10 A. atoms/cm2/s.
GROWTH KINETICS OF A C.F.C. PARTICLE. -
We consider a particle with c.f.c. structure, a GROWTH KINETICS OF ICOSAHEDRAL PARTICLES IN GOLD FILMS CONDENSED ON NaCL C2-213 squared base pyramidal shape and faces limited by (1 11) planes. From an energetic point of view, these planes are similar to those limiting the icosahedral particle. In the case of the two-dimensional nucleus growth process that we have considered, the formation of a stable nucleus on a face (1 11) gives rise to a layer only on a face (111) so it will be required that a renucleation takes place on every face to realize a complete shell on all the free faces of the pyramid and the time of formation of this shell will be :
where T N~ is the nucleation time of a nucleus on a free face of the pyramid and T,, is the growth time of a layer on this face. In that case, it is required to compute the time t layer by layer nf = number of atoms on the (11 1) considered face of the gold particle, No = number of atoms by cm2 on a (111) face. Initial particle contains 285 atoms (icosahedral particle contains 250). We have plotted figure 1 (dotted line curves) the growth kinetics that is to say the number of atoms N of the particle versus time t for two values of the impinging flux (F = lOI4 and 2 x 1014 atoms/cm2/s) and a substrate temperature of 300 "C.
The results show that in the first stages of the formation of gold particle and with given experimental conditions, the growth rate of icosahedral particles is higher than c.f.c. one. If during the nucleation stage or during the first growth stages there is formation of the same number of icosahedral and c.f.c. particles limited by dense faces, the growth of icosahedral particles will be favoured, so icosahedral particles will be much numerous than c.f .c. ones and will have a greater size. This fact is due to particle shape which allows in a growth process by two-dimensional nucleus, the growth of a complete shell on all free faces from only one stable nucleus formed on any face.
